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This paper presents new results on surface enhanced Raman spectroscopy (SERS) of various probes (pyridine,
acridine) deposited onto mixed colloids constituted of gold particles overlaid by less than a singleAu100~x

Ag
x

layer of silver atoms. Since both electromagnetic and chemical theories predict that the Raman enhancement
depends strongly on the morphology of colloidal particles, we have used two methods to approach the particle
size and shape distributions of these mixed colloids. The Ðrst one compares the proÐles of the experimental and
calculated extinction bands of surface plasmon resonances. The second one deals with low frequency Raman
spectra from particle mechanical vibrations (acoustic modes). Using a recent model that we have developed to
simulate the band proÐles of these spectra, we can obtain the size and shape of the resonant particles underlying
the SERS e†ect. These distributions, deduced from both foregoing methods, are compared with those obtained
by transmission electronic microscopy (TEM) and allow us to suggest that several scales of particle sizes lead to
the SERS e†ect. This latter result is related to the fractal nature of partially aggregated colloids displaying scale
invariance. We have also analyzed the physicochemical properties of the two probes (pyridine and acridine)
when they are adsorbed onto these mixed colloids. The results show that the acridine species bound to the
surface depends strongly on the addition of a very small amount of silver at the gold surface. These mixed
colloids allow SERS spectra of acridine to be obtained when the laser excitation takes place in the green (514.5
nm) while in pure gold colloids, acridine does not display any SERS spectrum at this excitation wavelength.

Since the discovery of surface enhanced Raman scattering
(SERS) on roughened silver electrodes,1 a great number of
metallic surfaces have been investigated. Among them, we can
mention island Ðlms,2 cold deposited Ðlms,3 colloidal
suspensions4 and more recently, colloidal Ðlms.5,6

Two mechanisms have been considered to account for the
SERS e†ect. The electromagnetic mechanism (EM), arising
from excitation of surface plasmon resonances localized on the
roughened features, is responsible for the main enhancement
and many electromagnetic theories, based on the electric
dipolar approximation, have been proposed.7h11 The second
enhancement mechanism is related to the increase of the pol-
arizability of the adsorbed molecule when a resonant charge
transfer can occur between the metal and the adsorbate
(chemical e†ect).12 Nevertheless, this mechanism is believed to
have a much smaller contribution and the overall enhance-
ment factor generally results from both mechanisms, leading
to eight orders of magnitude in favorable cases.

Since metal colloid UV/VIS spectra are related to the
surface plasmon resonances, whose frequencies depend on the
aggregation pattern of the sols,4,13 the analysis of the extinc-
tion band proÐles can be a way to estimate particle shape and
size distributions. Thus, upon the addition of small amounts
of a salt or a molecule, silver and gold colloids rapidly aggre-
gate and display a new absorption band located at longer
wavelength. As shown in Fig. 1 for gold colloids, two distribu-
tions of aggregated particles are observed, with the presence of
a well-deÐned isobestic point at 550 nm. It has been experi-
mentally established that strong SERS spectra are obtained
only when the laser excitation takes place within the long
wavelength absorption band,13 corresponding to collective
plasmon oscillations. On the other hand, if the aggregation
becomes too important, the metallic particles precipitate and
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the SERS e†ect disappears. A simple method to stop colloid
precipitation is to add an organic polymer [polyvinylpyrroli-
done (PVP), polyvinylalcohol (PVA), etc]. Unfortunately, such
a method leads to a decrease in the SERS intensity.

In this paper, we develop a method that allows the aggre-
gation process14 to be controlled by covering the gold particle
surface with metallic silver atoms forming less than a single
layer. The so-called colloids,14 where the ratio xAu100~x

Ag
xof silver can be modulated, allows the aggregation process to

be monitored and yields a noticeable increase of the SERS
e†ect for a low amount of silver.

To approach the morphology of these various Ag-clad Au
colloidal composites, we have investigated mainly two tech-

Fig. 1 Absorption spectra of Au colloids, after the addition of pyri-
dine (2 ] 10~2 M), as a function of increasing time
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niques. The Ðrst one deals with the absorption spectra of these
metal sols in the presence of molecular probes like pyridine
and acridine. Since the maximum of the SERS intensity
depends strongly on the extinction spectra proÐles,13 we have
approached the morphology of the metallic clusters by com-
paring the experimental extinction spectra with those calcu-
lated using a simple model based on the electric dipolar
approximation.15h18 The second approach arises from the
Raman spectra of the mechanical vibrations of the metallic
particles themselves (acoustic modes or inelastic Mie scattering)
discovered by Gersten et al.19 and Weitz et al.20 Indeed, these
authors have shown that colloidal particles give rise to a very
low frequency band due to the mechanical vibrations of
metallic particles. These low frequency Raman scattering
(LFRS) spectra can only be observed when they are enhanced
by plasmon resonances and are thus closely related to SERS.
Moreover, the acoustic bands display a shift of their
maximum when the laser excitation is changed. Using a
simple model, which we have previously developed21 from
dipolar electromagnetic theory,7,8,19 we have been able to
simulate the experimental LFRS proÐles and thus to
approach the size and shape distributions of the resonant par-
ticles. The comparison of these distributions with those
deduced from absorption spectra and microscopic techniques,
like transmission electronic microscopy (TEM), reveals signiÐ-
cant di†erences, which are interpreted in terms of a scale
invariance reÑecting the fractal nature of the partially aggre-
gated colloids.

In the last part of this article, to get more insight on the
particular properties of the AgÈAu mixed colloids, SERS,
LFRS and UV/VIS extinction spectra have been recorded in
the presence of acridine. Comparison with the data for the
pure Au and Ag colloids obtained under the same experimen-
tal conditions reveals that the SERS intensity variations in
the composites are not only due to Ag inhibition of the Au
particle aggregation. The SERS experiments with acridine also
indicate that the observed spectral changes probably arise
from a deep perturbation of the electrochemical characteristics
of these surfaces.

Experimental

Absorption measurements in the region from 350 to 950 nm
have been carried out on a Perkin Elmer (Lambda 2) UV/VIS
spectrophotometer.

SERS spectra of pyridine and acridine were recorded in the
backscattering geometry on a DILOR XY spectrometer using
an excitation line at either 632.8 nm of a HeNe model 207B
Spectra Physics laser (25 mW power at the laser head) or at
514.53 nm of an Ar` model 165 Spectra Physics laser (power
less than 50 mW). BrieÑy, the spectrometer is constituted of a
double monochromator used in subtractive mode to select a
given spectral range, followed by the spectrograph to com-
plete the dispersion, and a JobinÈYvon CCD matrix cooled
thermoelectrically. The low frequency Raman spectra were
recorded in backscattering geometry on the same apparatus
but with the double monochromator set in additive mode and
a cooled 9558 EMI photomultiplier associated with photo-
counting techniques used as a single channel detector. Using
60 or 80 lm slit widths, the spectral resolution was always less
than about 1 cm~1 and the rejection of the elastic scattering
was good enough to allow the recording of Raman spectra
down to 2 cm~1 from the Rayleigh line.

Transmission electronic microscopy (EM 912 Omega, Zeiss
Twins) plates were taken in air by evaporating a small colloid
drop on a carbon grid covered with collodion.

Ag-clad Au colloids were prepared according to the
Freeman et al. procedure,14 which is not reported here. The

TEM plates showed no di†erence between pure Au and
sols for 1 O x O 10. All colloidal particles areAu100~x

Ag
xalmost of spherical shape with a narrow diameter distribution

ranging from 10 to 15 nm.

Results and Discussion

Brief description of the model used to simulate experimental
extinction proÐles

Since the early work of MaxwellÈGarnett22 and Mie,23 metal
colloidal particles have attracted much attention both experi-
mentally and theoretically. The theoretical appeal arises from
the many fascinating electrical and optical properties of metal
particles that are di†erent from bulk metal. For instance, the
color of gold, silver and copper colloids has been explained to
be due to surface plasmon resonances of the conducting elec-
trons. Metallic particles are also of practical interest because
of their small size and large surface area compared to bulk
metal. This large surface is highly desirable in diverse applica-
tions such as heterogeneous catalysis or SERS. Indeed, upon
addition of organic molecules and ions (or electrolytic salts),
the colloid aggregates, thus giving rise to new absorption
bands underlying the SERS e†ect.

In this section we describe a simple model, based upon the
dipolar electromagnetic theory given by Maxwell15 and Lord
Rayleigh,16 to account for the light scattering by spheroids,
the size of which is small compared with the wavelength. This
model, which has been developed in order to calculate extinc-
tion proÐles that can be Ðtted to the experimental ones, is
based upon the following assumptions.

(i) Due to the low concentration in gold, the particles are far
enough from each other to admit that they scatter light in an
independent way. The resulting extinction cross section, CT ,
can therefore be considered as a suitably weighted sum of
various extinction cross sections Cext(i) :

CT \ ;
i

w
i
Cext(i) (1)

(ii) The aggregation of the colloid is low enough to consider
that all aggregates remain very small compared to the incident
wavelength. A check of this approximation is given by TEM
micrographs, which show that, when deposited onto a copper
grid covered with collodion, the aggregates remain smaller
than the wavelength [Fig. 2(a)]. However, these TEM pictures
do not reÑect the genuine aggregation pattern of the colloidal
sols. Indeed, it is quite likely that deposition and evaporation
of the colloid onto the grid lead to additional aggregation. It
is thus reasonable to consider that the clusters in the colloidal
sols are much smaller than those observed by TEM and thus
very small with respect to the wavelength, thus justifying the
dipolar approximation. Furthermore, as shown in Fig. 2(a) the
clusters of the deposited colloid appear as objects of elongated
shape. According to the above mentioned reasons, the aggre-
gates within the colloidal sols are likely to be formed by a
small number of spherical particles, and thus can be mimicked
as spheroids of various ratios, r \ a/b, of the semi-major axis
a to the semi-minor axis b.

(iii) The absorption and scattering cross sectionsCabs Cscatof the various ellipsoids are calculated using the electric
dipolar approximation,15h18 that is when the particle sizes are
much smaller than the analyzing radiation wavelength :
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Fig. 2 (a) TEM image of colloids, in the presence of pyri-Au95 Ag5dine (2] 10~2 M); (b) TEM image of pure Au colloids, under the
same conditions

In the above equations [eqn. (2)È(4)], and denote respec-a
l

a
ttively the longitudinal and the transversal polarizability tensor

components given by

a
l, t\

V (e[ 1)

4p ] (e[ 1)P
l, t

, (5)

where V \ (4/3)pab2\ (4/3)prb3 is the volume of the spher-
oid, e is the dielectric constant of the metal with respect to the
surrounding medium and is a shape factor given by15h18P

l, t
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l
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The Ðtting of the normalized extinction proÐles is per-
formed by determining the weight of each extinction coeffi-w

icient that gives the best possible agreement between theCext(i)calculated and experimental curves. This procedure is
achieved using the Simplex minimization method,24 which
consists in a series of geometric operations using a multi-

parameter function. This best weight, when normalized to 100,
gives the percentage of spheroids of ratio r \ a/b. In our com-
putation, we have Ðxed the semi-minor axis b to the mean
radius of individual particles, 5 nm, and we have varied r from
1.0001 (sphere) to 10. The values of the dielectric constant
used in these computations were those of gold with respect to
water and were taken from the Johnson and Christy tables.25
The justiÐcation for this choice is given hereunder.

Comparison between experimental and calculated extinction
proÐles. Size distributions of Ag-clad Au colloids

The extinction spectra of unaggregated mixed colloids of
(i.e., in the absence of any probe) are indiscern-Au100~x

Ag
xible from those observed for pure gold colloids as long as x,

the silver amount, remains lower than ten percent.14 In these
cases, only the gold plasmon resonance at 520 nm is visible,
contrary to the corresponding mixtures of Au and Ag colloids
where the sharp silver plasmon resonance at 390 nm is clearly
apparent.14 These observations support the choice of the gold
dielectric constant with respect to water in all our calcu-
lations.

Experimental extinction spectra of colloidsAu100~x
Ag

xobtained after the addition of pyridine (2 ] 10~2 M) and
recorded at the completion of the aggregation process (a few
minutes) are displayed in Fig. 3 for the silver percentage x
ranging between 0 and 5. For pure gold colloids (x \ 0), the
long wavelength band is shifted to very large k values and is
very broad with a maximum located at approximately 780
nm. As x increases, this long wavelength band becomes
sharper and less shifted with respect to the short wavelength
one. When x \ 5, only a shoulder is observed on the long
wavelength wing of the plasmon resonance at 520 nm; lastly,
when x P 6, the extinction spectra is quite similar to that of
the unaggregated gold colloid.13,14 These results are qualit-
atively interpreted as a progressive inhibition of the aggre-
gation process upon the addition of silver atoms at the gold
surface. We will see, in the following section, that the intensity
of the SERS spectrum of pyridine reaches its maximum when
the laser excitation is close to the maximum of the long wave-
length band.

The simulation of the extinction band proÐles of these
aggregated colloids, by the method described in the previous
section, quantitatively conÐrms this conclusion. As shown in
Fig. 4(a) and 4(c), this method gives a rather good Ðt between
experimental and calculated proÐles. The distributions of the r
ratios for [Fig. 4(b)] and [Fig. 4(d)] areAu95Ag5 Au98Ag2constituted of two parts : a very narrow distribution centered
at r ^ 1.3È1.5, which is associated with unaggregated particles,
and a much broader distribution ranging over large r values
due to various aggregates. When the aggregation is rather
low, as shown in Fig. 4(a) for the total amount ofAu95 Ag5 ,
clusters ranging up to r B 3.5 remains below 25%. On the
other hand, when the aggregation is more important, as
clearly evidenced in Fig. 4(c) for by the presence ofAu98 Ag2the broad long wavelength band centered at 740 nm, the
amount of clusters with large r values is approximately 50%
and the distribution extends to r B 6.

The TEM micrographs of pure gold colloids aggregated
with pyridine reveal large fractal aggregates with a Hausdor†
dimension26 of d \ 1.75 [Fig. 2(a)] ; these aggregates are much
larger than those observed on the micrographs obtained from

colloids under the same experimental conditionsAu95Ag5[Fig. 2(b)]. These observations are in agreement with the con-
clusions drawn from extinction spectra analysis.

SERS spectra of pyridine on Ag-clad Au colloids

As pyridine is the most famous probe used to test SERS, we
have recorded its Raman spectrum when deposited onto
various mixed colloids using 514.53 and 632.8Au100~x

Ag
x
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Fig. 3 Extinction spectra of various mixed colloids, after addition of pyridine (2 ] 10~2 M): 1 ( É É É É É É É ) 2 (È È È È)Au100~x
Ag

x
Au95 Ag5 ,

3 (È È) 4 (È ÉÈ) 5 (ÈÈÈ)Au97 Ag3 , Au98Ag2 , Au99Ag1, Au100

nm laser excitation. However, SERS spectra were obtained
only when the laser excitation took place at 632.8 nm; no
signal could be detected using the 514.53 nm excitation line
even when long integration times were used. When exciting at
632.8 nm, as shown in Fig. 5, the SERS integrated intensity of
the 1008 cm~1 pyridine line was found to depend on the con-
centration x of silver.14 We notice that this intensity is almost
the same for x \ 1, 2 and 3, corresponding to similar long
wavelength resonances (Fig. 3). For pure gold colloid (x \ 0),
the weakening of the SERS intensity is due to the broad and
long wavelength shifted absorption band. On the other hand,
the very poor intensity of the SERS spectrum for x \ 5 results
from the weaker aggregation of the colloid as shown for
example in Fig. 4(a), (b). Indeed, comparison between TEM
micrographs of deposits of and colloids con-Au95 Ag5 Au100Ðrms the lower degree of aggregation of the composite than
that of pure gold colloid (Fig. 2).

Acoustic modes on gold colloids

Gersten et al.19 and Weitz et al.20 have observed that mecha-
nical vibrations of silver surface protrusions or colloidal par-
ticles can give rise to a low frequency Raman scattering
(LFRS) band located at approximately 10 cm~1, provided the
intensity of this band is suitably enhanced by surface plasmon
resonance excitation. These LFRS bands, also called acoustic
modes, display some interesting properties : the band
maximum depends on the laser excitation wavelength and on
the refractive index of the medium surrounding the metallic
particles. Furthermore, the intensity of these acoustic modes is
increased when a molecule, like pyridine for example, is
adsorbed onto the surface. In order to account for these bands
and their properties, these authors19,20 developed a model,
based on the Gersten and Nitzan7 theory of SERS in which
surface protrusions or colloidal particles are mimicked as
(hemi)spheroids, and thus determined the Raman di†erential
cross section, dr/du6 , of the (hemi)spheroid covered by a single
molecule. The maximum of the band, given by)max

)max(cm~1)^
v

2ac
(8)

where v is the sound velocity in the metal, c the speed of light
and a the semi-major axis of the spheroid, was found to
depend on the excitation wavelength due to the simultaneous
mechanical [eqn. (8)] and electromagnetic (plasmon) reso-
nances. Recently, we have proposed a model that allows the

calculation of acoustic band proÐles in good agreement with
experimental ones, and the determination of the resonant
metallic particle size distributions.21 Moreover, we have
enlightened the relation between LFRS, SERS and absorption
spectra.27

In the presence of pyridine, the LFRS from acoustic modes
of Ag-coated Au particles were hardly detectable at 632.8 nm
and we present here the results obtained in pure Au colloids.
On the other hand, good quality LFRS spectra were obtained
with acridine ; they will be presented and analyzed further on
in this paper. In the following we show that the simulation of
acoustic band proÐles can be used to determine the resonant
particle size distribution of gold. For this purpose the scat-
tered intensity, is assumed to be proportional toJ) ,

J) PN
dr

du6
(9)

where N is the number of resonant spheroids of a given semi-
major axis a and dr/du6 is the Raman di†erential cross section
calculated by Gersten et al.19 and Weitz et al.20 If the prob-
ability that N particles have a given value of the semi-major
axis a is assumed to be a Gaussian distribution, *a),G(a0 ,
centered at and of standard deviation *a, the simulation ofa0the experimental LFRS band proÐle, obtained by Ðtting a0and *a, leads to the resonant particle size distribution, G(a0 ,
*a).

Fig. 6 compares the acoustic mode proÐle obtained from a
gold colloid in the presence of pyridine (10~2 M), and its
simulation using our model.21 To our knowledge, it is the Ðrst
time that such an acoustic mode is observed for a gold colloid.
The agreement between experimental and calculated proÐles
appears satisfactory except for the contribution of the huge
Rayleigh line. The nm and *a \ 6.6 nm parametersa0 \ 2.5
give the relevant features of the resonant particle size distribu-
tion.

It should be pointed out that the semi-major a and semi-
minor b axes values of the spheroid, obtained by this tech-
nique, are smaller than the mean radius of individual gold
particles, which is approximately 5 nm. Therefore, we attrib-
ute the LFRS band to localized plasmon resonances of nano-
structures due to the very disorganized nature of the
aggregated colloid.27 The comparison of these results with
those obtained from other techniques (SERS, UV/VIS extinc-
tion bands, TEM) suggests there are several scales of particles
underlying the Raman enhancement process. These di†erent
scales may reÑect the fractal nature of aggregated colloids.26
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Fig. 4 Simulation of experimental extinction proÐles and cluster shape distributions for [(a) and (b)] and [(c) and (d)], in theAu95Ag5 Au98Ag2presence of pyridine (2 ] 10~2 M)

Au–Ag mixed colloids in the presence of acridine : SERS, LFRS
and extinction spectra

In the foregoing section, we have been able to determine the
various scales of the size distribution of the aggregated gold

Fig. 5 SERS integrated intensity of the 1008 cm~1 pyridine line for
various mixed colloids (concentration : 2] 10~2 M;Au100~x

Ag
x632.8 nm laser excitation)

particles in the presence of small amounts of silver. The results
of band simulations of either LFRS or absorption proÐles
clearly indicate that addition of silver atoms at the gold
surface, even at less than a monolayer (x O 5), leads to inhibi-
tion of the pyridine-induced aggregation. Since colloid aggre-
gation is the main condition for SERS enhancement (through
the EM mechanism), we have actually demonstrated that the
strongest intensities of pyridine SERS lines were related to
the presence of the long wavelength plasmon band. The disap-
pearance of this band for x [ 5 (Fig. 3) corresponds to an
important decrease in the aggregation of gold colloids leading
to the concomitant quenching of the pyridine SERS spectrum
(Fig. 5).

Although these pyridine SERS experiments clearly indicate
that the variations in SERS intensity in the mixed AuÈAg col-
loids are due to changes at the particle surface, they give no
information concerning the metal adsorbate interaction. To
determine whether the adsorbate is interacting with Au or
surface-bound Ag particles, we used acridine, a molecule
whose protonation equilibrium at the surface is very sensitive
to the electrolytic surrounding of the metal.28,29 Fig. 7 com-
pares the SERS spectra, excited at 632.8 nm, of acridine
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Fig. 6 Experimental and calculated low frequency Raman mode
from gold colloids in the presence of pyridine (10~2 M; 632.8 nm laser
excitation). ÈÈÈ experimental curve, È È È È calculated curve

(5] 10~6 M) adsorbed on gold colloid (curve a), silver colloid
(curve b), and mixed colloid (curve c). All theseAu98 Ag2spectra were obtained at pH approximately equal to 7È7.5 and
in the presence of chloride ions (typically 4È10 mM) coming

Fig. 7 SERS spectra of acridine (5] 10~6 M, 632.8 nm laser
excitation) in (curve a) gold colloid, (curve b) silver colloid, (curve c)

mixed colloidAu98Ag2

either from the colloidal preparation (for Au and mixed
colloids) or added after the preparation (for silver colloids).
From the analysis of the lines at 1584 and 1564 cm~1, charac-
teristic of the protonated (AH`) and neutral species (A),
respectively, we observe that the AH` species contributes to

Fig. 8 Simulation of experimental extinction proÐles and cluster shape distributions for [(a) and (b)], and [(c) and (d)], in theAu98Ag2 Au100presence of acridine (5] 10~6 M)
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Fig. 9 Experimental and calculated low frequency Raman bands
from (a) and (b) colloids, in the presence of acridineAu100 Au98Ag2(5] 10~6 M, 632.8 nm laser excitation). ÈÈÈ experimental curve,
È È È È calculated curve

the SERS spectra for the Ag and Ag-clad Au surfaces, while
only the neutral species give rise to a SERS spectrum on Au
colloids. These data strongly suggest that, under the present
experimental conditions, acridine is mainly adsorbed as the
acridinium cation onto the small Ag particles in the mixed
AuÈAg colloids.

Moreover, while for pyridine no SERS e†ect was detected
at 514.5 nm, even for the most SERS-active AuÈAg compos-
ites (i.e., to in the case of acridine goodAu97 Ag3 Au99 Ag1),quality SERS spectra, excited at this wavelength, were
obtained with these substrates (not shown). As previously sug-
gested, this enhancement towards the blue for the SERS acri-
dine spectrum originates from a resonant charge transfer due
to the formation of an ion pair, AH`ÈCl~.28,29 This hypothe-
sis reinforces the argument in favor of a direct adsorption of
acridinium species on Ag in mixed colloids.

All these observations are in agreement with the previous
SERS results of Freeman et al.,5 for the adsorption of para-
nitroso-N,N@-dimethylaniline (another protonatable species) in
AgÈAu colloids.

The extinction proÐles for and colloids inAu100 Au98Ag2the presence of acridine are shown in Fig. 8(a) and 8(c), along
with the simulated proÐles. It should be noticed that, although
the experimental spectra are rather similar to the correspond-
ing ones seen for pyridine (Fig. 4), the obtained r \ a/b dis-
tributions are di†erent, thus reÑecting the sensitivity of our
simulation method. Once again, very small amounts of Ag
(x O 5) lead to a progressive inhibition of adsorbate-induced
aggregation with a slight blue shift of the long wavelength
plasmon band (from 750 to 730 nm). This is clearly evidenced
by the distribution of the ratios r deduced from the simulation
[Fig. 8(b) and 8(d)]. This feature allows a better matching of
the 632.8 nm laser excitation to the long wavelength plasmon
resonance band, thus allowing the SERS intensity to be moni-
tored.

The LFRS for and colloids in the presenceAu100 Au98Ag2of acridine, excited at 632.8 nm, are presented in Fig. 9. From

the simulation of the proÐles, the Gaussian center and the
standard deviation have been estimated to be nm anda0\ 2
*a \ 5.1 nm for colloid, and nm and *a \ 5.7Au100 a0\ 2
nm for colloid. Here again, they are smaller than theAu98Ag2dimensions of individual gold particles, reinforcing the sugges-
tion that nano-protrusions are at the origin of SERS.

Since there is a close relationship between the SERS e†ect
and the acoustic mode, we attempted to detect LFRS from

acoustic vibrations in the presence of acridine, butAu98Ag2excited at 514.5 nm within the plasmon resonance band of
silver particles. Indeed, the observation of a SERS e†ect at
this wavelength has led us to consider that LFRS could be
detected under these conditions, thus providing direct in situ
information on the shape and size distributions of the reso-
nant Ag-clad Au particles. Unfortunately, even using long
photo-counting integration times, no acoustic mode was
detected. This indicates that the morphological information
(shape and size) deduced from the modelisation of either
extinction or LFRS proÐles are only relevant to the aggre-
gation pattern of gold particles.

Conclusion
The present study of SERS spectra of pyridine and acridine,
along with the extinction spectra of various Au100~x

Ag
xmixed colloids, brings some new information on the morphol-

ogy of the colloidal gold clusters leading to the SERS e†ect.
The simulation of the extinction spectra in the presence of

pyridine and acridine allowed us to give an approach of the
r \ a/b ratio distributions for the spheroids modelising the
particle clusters. Comparison of these distributions with those
deduced from the simulation of the low frequency Raman
bands (mechanical vibrations of the particles) reveals the pres-
ence of nano-protrusions and suggests that several size dis-
tributions are underlying the SERS e†ect. We conclude that,
for such disorganized substrates like partially aggregated col-
loids, the SERS e†ect originates from the coupling, over the
whole cluster, between the molecules and these nano-
structures. The fractal nature of aggregated colloids could also
play a signiÐcant role.30h32

The analysis of the SERS spectra of acridine indicates that
this molecule is speciÐcally adsorbed as the acridinium species
onto the silver particles of AuÈAg composites. This result,
along with those deduced from band simulations (absorption
and LFRS), suggests that Ag-clad Au, even at low Ag cover-
age, perturbs the Au colloidal aggregation and leads to a
modiÐcation of the electrochemical double layer.

We are now investigating silver and gold colloidal Ðlms
giving rise to strong enhancement of Raman scattering.5,6
These quite stable new substrates will be developed in order
to analyze the coloring mechanisms and the degradation pro-
cesses of photochrome compounds.
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